In the present study, we report a new and facile sol-gel synthesis of phosphate-based glasses with the general formula of (P 2 O 5 ) 55 -(CaO) 25 -(Na 2 O) (20−x) -(TiO 2 ) x , where x = 0, 5, 10 or 15, for bone tissue engineering applications. The sol-gel synthesis method allows greater control over glass morphology at relatively low processing temperature (200 °C) in comparison with phosphate-based melt-derived glasses (~1000 °C). The glasses were analyzed using several characterization techniques, including x-ray diffraction (XRD), 31 P magic angle spinning nuclear magnetic resonance (
Introduction
Prov iding cells w ith an env ironment that simultaneously provides a scaffold for regeneration, whilst allowing them to continue their normal functionality is one of the most important issues in tissue engineering. Bioactive and biodegradable materials are favourable due to their ability to break down and stimulate the formation of novel extracellular matrix, and eventually tissue [1, 2] . Phosphate-based glasses are defined as bioresorbable materials with a controllable degradation rate, which makes them an excellent choice for various biomedical applications [3] . These glasses offer an advantageous alternative to silica-based sol-gel derived glasses, with a more controllable degradation rate and easily metabolized dissolution products [4, 5] . The degradation rate, which is typically relatively rapid, can be easily altered via the addition of various modifier oxides, such as calcium oxide (CaO) and sodium oxide (Na 2 O) [6] . This enables the design of materials that release Ca 2+ and Na + ions, which can stimulate cellular behaviours such as proliferation and bone formation [4, 7] . The degradation of phosphate-based glasses can also be prolonged by the addition of other oxide elements such as titanium oxide (TiO 2 ), which forms stable cross-links in the phosphate-network [8] . Glasses of the general formula P 2 O 5 -CaO-Na 2 O-TiO 2
Sol-gel synthesis of quaternary (P 2 O 5 ) 55 -(CaO) 25 -(Na 2 O) (20−x) -(TiO 2 ) x bioresorbable glasses for bone tissue engineering applications (x = 0, 5, 10, or 15)
P MAS-NMR), Fourier transform infrared (FTIR) spectroscopy and energy-dispersive x-ray (EDX) spectroscopy, which confirmed the amorphous and glassy nature of the prepared samples. Degradation was assessed by measuring the ion release and pH change of the storage medium. Cytocompatibility was also confirmed by culturing osteoblast-like osteosarcoma cell line MG-63 on the glass microparticles over a seven-day period. Cell attachment to the particles was imaged using scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM). The results revealed the potential of phosphate-based sol-gel derived glasses containing 5 or 10 mol% TiO 2 , with high surface area, ideal dissolution rate for cell attachment and easily metabolized dissolution products, for bone tissue engineering applications.
have previously been prepared via the melt-quench method and their biocompatibility and degradation rate extensively studied for a variety of biomedical applications [8, 9] . Few studies exist concerning the preparation of titanium stabilized sol-gel derived phosphate glasses [10, 11] , however, and according to the knowledge of the authors, no studies have been published regarding their potential use in tissue regeneration applications. The sol-gel method allows control over glass morphology, which is of fundamental importance in tissue regeneration [12] . In addition, the low processing temperature (200 °C) of the sol-gel synthesis enables the incorporation of bioactive molecules for drug delivery applications. This is not possible with phosphate-based glasses formed by the melt-quench technique, as it requires higher a processing temperature (~1000 °C), and therefore results in degradation of the organic components [8, 10] .
The present article reports sol-gel synthesis of novel (P 2 O 5 ) 55 -(CaO) 25 -(Na 2 O) (20−x) -(TiO 2 ) x solgel glasses (x = 0, 5, 10 or 15) for bone tissue regeneration applications. The structure of the samples was characterized using XRD, 31 P MAS-NMR, FTIR, and the elemental proportion was measured using EDX spectroscopy. The pH change of ultrapure water during storage of the sol-gel glass particles at 37 °C was recorded and the release of polyphosphate, calcium and sodium ions was quantified by ion chromatography. Cytocompatibility was also assessed and cells attached to the surface of the glass particles were imaged using SEM and CLSM.
Materials and methods

Materials
The following chemical precursors were used without further purification: n-butyl phosphate (1 : 1 molar ratio of mono-n-butyl phosphate and di-n-butyl phosphate, 98%, Alfa Aesar, Heysham, UK), calcium methoxyethoxide (20% in methoxyethanol, ABCR GmbH, Karlsruhe, Germany), sodium methoxide solution (30 wt% in methanol, Sigma-Aldrich, Gillingham, UK), titanium(IV) isopropoxide (97%, Sigma-Aldrich, Gillingham, UK), 2-methoxyethanol (99.8%, Sigma-Aldrich, Gillingham, UK) and ndimethyl formamide (n-DMF, ⩾ 99.8%, Alfa Aesar, Heysham, UK).
Methods
Sol-gel synthesis
Sol-gel synthesis was initiated by mixing n-butyl phosphate in 2-methoxyethanol at a molar ratio of 1 : 3 for ~10 min in a dry vessel. The reaction was then cooled in an ice bath before the dropwise addition of titanium isopropoxide and calcium methoxyethoxide. Sodium methoxide solution was then added to the mixture and allowed to react for ~1 h. Finally, n-DMF was added to the solution at a molar ratio of 0.25 : 1. A total of four glass compositions were synthesized as detailed in .
Glass degradation
In order to measure the ion release and pH changes, glass degradation was assessed in ultrapure water. Alternative storage media include solutions such as simulated body fluid (SBF), cell culture medium and Tris-HCl. The ions being measured, however, occur at high concentrations in SBF and cell culture medium and therefore mask the relatively low levels of ions released from the sol-gel derived glasses. In addition, the SBF and cell culture medium act as a buffering agent that does not allow accurate measurement of the pH changes. Furthermore, Tris-HCl can interfere with the ion chromatography column, hence the use of ultrapure water.
pH change
Specimens of each composition (25 mg, n = 3) were immersed in 5.5 ml ultrapure water (pH 7.0 ± 0.1) and stored at 37 °C for up to 7 d. The pH of the water was measured after 0, 1, 3 and 7 d (Orion pH Meter, Thermo Scientific-Orion Star, UK). At each time-point, the particles were centrifuged at 4000 rpm for 10 min, in order to separate them from the solution. The supernatant was aspirated and the particles dried in an oven at 60 °C for 3 h, before replenishment with fresh ultrapure water.
Ion release Specimens of each composition
(50 mg, n = 3) were immersed in 11 ml ultrapure water (pH 7.0 ± 0.1) and stored at 37 °C for up to 7 d. The release of cations (Na + and Ca 5 ) was quantified after 0, 1, 3 and 7 d using ion chromatography, as previously described [14] . At each time-point, glass suspensions were centrifuged at 4000 rpm for 20 min, in order to separate them from the solution. The supernatant was collected and the particles dried in an oven at 60 °C for 3 h, before replenishment with fresh ultrapure water. Liquid samples were passed through OnGaurd IIA filters (Dionex, Thermo Scientific, Hemel Hempstead, UK) before cation analysis using an ICS-1000 system (Dionex) equipped with a CS12A column operating under suppressed conductivity, with 20mM methanesulfonic acid eluent. Anions were measured using an ICS-2500 system (Dionex) equipped with an AS16 column operating under suppressed conductivity. Isocratic separation was applied with a linear KOH gradient of between 30-50mM over a 35 min period provided by an EG50 eluent generator. Data analyses were performed in relation to standard solutions using Chromelon software (Dionex). The results were extrapolated from standard curves, prepared from standard solutions provided by the manufacturer (Dionex).
Cell studies
Cell culture
Human osteoblast-like osteosarcoma cell line (MG-63, European Collection of Cell Cultures, Porton Down, UK) was cultured under standard conditions (37 °C, 95% air, 5% CO 2 , 95% relative humidity) in Dulbecco's modified Eagle medium (DMEM, Gibco, Life Technologies, Paisley, UK) supplemented with 10% foetal bovine serum (Gibco).
Cytocompatibility assay
In order to assess the effect of TiO 2 content of the sol-gels on cytocompatibility, MG-63 cells were cultured on the microparticles. The materials were sterilized by dry heat during sample preparation. The sol-gel particles (5 mg per specimen) were evenly distributed across permeable cell culture supports in 48 well plates (Transwell, Corning B.V. Lifesciences, Amsterdam, Netherlands), in order to enable facile processing of the specimens for SEM and confocal microscopy after the final time-point. Cells were seeded on the particles at a density of 30 000 cells cm −2 (10 000 cells/ well) and the cell culture medium was added to the cell culture support and the bulk of the well (1.1 ml total). Controls consisted of cells seeded directly on cell culture supports. Each sample type was analyzed in triplicate. Cytocompatbility was assessed after 1, 3 and 7 d. At each time-point, cells were seeded at various densities, 2 h prior to the assay, for the preparation of standard curves. The medium was then aspirated from the samples and standards and replaced with 1 ml medium containing 10 vol% water soluble tetrazolium salt-8 (WST-8, Cell Counting Kit-8, Sigma Aldrich, Gillingham, UK). WST-8 is a pink substrate, which is metabolized in the mitochondria to form an orange formazan product. After 80 min incubation at 37 °C, absorbance at 460 nm (with a reference wavelength of 650 nm) was measured (Infinite M200, Tecan, Männedorf, Switzerland). The apparent cell density of the samples was extrapolated from the standard curves. The WST-8-containing medium was then aspirated and replaced with a fresh cell culture medium until the next time-point. Following the final time-point, the cells residing on the microparticles were imaged by CLSM and SEM.
Cell and particle imaging
Specimens consisting of MG-63 cells cultured on the sol-gel microparticles for 7 d were prepared by fixation in 3% glutaraldehyde, followed by dehydration through a graded series of ethanols (50%, 70%, 90% and 100%) and drying in hexamethyldisilazane (Sigma-Aldrich). This was carried out in situ in the cell culture supports, after which the membranes were carefully excised using a scalpel and mounted on aluminium stubs using araldite. The specimens were then sputter-coated with gold/palladium alloy and imaged using SEM, with an accelerating voltage of 5 kV and working distance of 10 mm.
Cells residing on sol-gel microparticles were imaged using CLSM after 7 d culture. The cytoskeleton (actin filaments) and nuclei of the cells were fluorescently stained using Alexa Flour 488 phalloidin and propidium iodide, respectively. Specimens were prepared by fixation in 4% paraformaldehyde, followed by two washes using Dulbecco's phosphate buffered saline (D-PBS, Lonza, Slough, UK). Cells were then permeabilized using a 0.1% solution of Triton X-100 (SigmaAldrich) in D-PBS for 5-10 min at room temperature. A 2.5% solution of phalloidin methanolic stock solution (Invitrogen) in D-PBS was then added to each specimen and incubated for 20 min at room temperature in a dark environment, in order to minimize evaporation and photo-bleaching. After a further two washes with D-PBS, the specimens were counter-stained using 1 μg ml −1 propidium iodide (BD Biosciences, Oxford, UK) for 10 min, before visualization by CLSM (Biorad, Hemel Hempstead, UK).
Results
Material properties
EDX
The measured compositions of sol-gel glasses, as determined by EDX, are presented in table 2. Ti0 showed the highest reduction of P 2 O 5 content (8 mol%), with a gradual increase correlated with substituting sodium for titanium up to 4.1 mol% reduction (Ti15) compared to the theoretical value. This was compensated by a concomitant increase in the content of other oxides (CaO, Na 2 O and TiO 2 ). Figure 1 shows the XRD spectra of sol-gel derived specimens. In all the compositions, a broad peak at 2θ values between 20° and 40° was observed and was free from any detectable crystalline phase, confirming the amorphous nature of the sol-gel derived glasses.
XRD
3.1.3.
P MAS-NMR The
31
P MAS-NMR spectra of the sol-gel derived glasses are displayed in figure 2 and the peak parameters are summarized in 4 3 group connected to other such phosphate tetrahedra to form a network. NMR spectra are assigned to various Q n species, where n represents the number of bridging oxygen atoms in the − PO 4 3 group that are connected to another such phosphate tetrahedron to form a network [15, 16] . Peaks in the range of −9.9 to −10.3 ppm are attributed to Q 1 phosphate units, while peaks in the range of −13.6 to −14.1 ppm and −23.1 to −23.8 ppm correspond to the Q 1 (Ti-O-P) and Q 2 species, respectively [10, 17, 18] .
FTIR
The FTIR spectra of the sol-gel glasses are presented in figure 3 . Table 4 shows the infrared band assignment. The peaks at 900 and 1235 cm −1 can be assigned to the Q 2 phosphate units, while the peaks at 970 and 1100 cm −1 can be related to the Q 1 phosphate units [19] . Increases in the intensity of the peaks at 900 cm −1 were correlated with the increasing substitution of sodium with titanium.
Glass degradation
The pH of the dissolution products of all the compositions underwent a notable reduction over the first 24 h, as shown in figure 4 . A more gradual decrease in pH progressed during the remainder of the immersion period. Increasing TiO 2 content in the solgel derived glasses reduced the extent and rate of the pH decrease, although there was little difference between Ti5, Ti10 and Ti15. The release of Ti 4+ was also investigated but was below the detectable range.
Similarly, the release of the and Ti5 was markedly lower than from Ti10 and Ti15.
Cytocompatibility
The cytocompatibility of the sol-gel derived glasses is presented in figure 7 . The control (MG-63 on cell culture supports) approximately doubled in apparent cell density at each time-point, reaching 217 000 cells cm −2 by day 7. The apparent density of the cells cultured on glass particles remained low after 1 and 3 d. Ti0 caused the cells to approximately halve in number within the first day, with little subsequent recovery. A concurrent increase in acidity was noted in Ti0, as the phenol red in the cell culture medium turned from pink to a light orange colour. The cells cultured on Ti5 and Ti10 had a low apparent cell density after 1 and 3 d, but this recovered to 135 000 and 212 000 cells cm −2 by day 7, respectively. Ti15, however, had poor cytocompatibility, with cells failing to recover even after 7 d.
Cell and particle imaging
The morphology and size of the sol-gel particles was identified by SEM (figure 8) after 7 d in the cell culture. All the compositions had a similar morphology, with particles assuming a jagged but generally spherical form, with diameters in the range of ~0.5-2 µm and a rough surface topography. The control (a), (b) shows a monolayer of cells spread on the cell culture support (dark circular features are pores). After 7 d in the culture, the Ti0 particles (c), (d) had almost fully degraded and therefore the cells could not be visualized on the remaining small particles or on the surface of the cell culture insert. Some cells were visible on the surface of Ti5 particles (e), (f), although this was much more apparent on the surface of Ti10 (g)-(j). At high magnification the cells can be observed to have stretched and formed a flattened morphology on the surface of a Ti10 particle (i), ( j). The Ti10 and Ti15 particles remained large, suggesting minimal degradation, although no cells were visible on Ti15 (k), (l). Figure 9 shows CLSM images of the cells attached to the Ti5 and Ti10 microparticles. Cells were not observed on Ti0 or Ti15.
Discussion
In the present study, phosphate-based glasses with the general formula of P 2 O 5 -CaO-Na 2 O and P 2 O 5 -CaONa 2 O-TiO 2 were successfully synthesized via the solgel method for bone tissue engineering applications. The XRD spectra confirmed the amorphous and glassy nature of all glass compositions and EDX revealed a relatively low loss of phosphorus (up to 8 mol%), which was due to the evaporation of the unreacted phosphorus precursor within the sol-gel reaction. Interestingly, substituting sodium for titanium reduced the phosphorus loss to around 4 mol%. This was due to the cross-linking effect of titanium that increased the polymerization of the phosphate network [10, 20] . The cross-linking effect was investigated by 31 P MAS-NMR and FTIR. These spectra showed the formation of Q 1 (Ti-O-P) and also confirmed an increase in Q 2 species. The sol-gel derived glass particles were immersed in ultrapure water for 0, 1, 3 and 7 d and their degradation was analyzed by ion chromatography and by measuring the pH change of the water. Ion chromatography was favoured over inductively coupled plasma spectroscopy due to its ability to differentiate between different phosphate species. This is particularly important when studying the dissolution of glasses in which phosphate is a major component. Tris-HCl was not used, due to the presence of organic solvents which irreversibly bind to the ion chromatography column. Since simulated body fluid is super-saturated with the same ions being released from the glasses, it was also selected against, as the concentration of released ions would have been difficult to distinguish from the high background levels. A clear initial decrease in pH was observed within 24 h for all compositions, followed by a more gradual decrease at later time-points. This suggested that increasing the TiO 2 content reduced the rate of pH reduction, since titanium has a high charge/diameter ratio that can make the phosphate network more interconnected. As expected, higher calcium release was associated with lower titanium content. Likewise, the release of sodium followed a similar pattern, which can be explained on the basis of substitution between sodium and titanium within the present glass compositions. A similar trend was observed for 3 release reached a maximum for Ti0, which was below that of the other compositions, this may reflect that the entire were released in the greatest amount from the Ti0 glass and this particular composition also induced the greatest pH reduction in solution [22] . Likewise, less acidic 3 species were released in proportionally greater amounts from those glasses which reduced the pH of the solution to a lesser extent [23] .
The apparent cell density of MG-63 cells cultured on a layer of sol-gel derived glass particles was reduced in comparison to the cell culture support control after 1 and 3 d in the case of all the compositions. This was likely caused by the rapid decrease in pH that occurred upon glass degradation. Although the pH change would have been partially buffered by the cell culture medium, the more extreme drop in pH in Ti0 explains why the cells failed to recover and reach initial seeding density. As the Ti content was increased from 0 to 5 or 10 mol%, the density of the surviving cells increased in parallel, due to the decrease in glass degradation and lower drop in pH. The apparent density of cells residing on Ti5 after 7 d in culture had recovered to ~60% that of the control, whereas cells cultured on Ti10 had recovered to the same level as the control. Cells cultured on Ti15, however, failed to recover. No cells were visible in the SEM or CLSM images and only low cell densities were detected by WST-8.
Furthermore, of the anions investigated, only
contributes to apatite formation, whereas longer chain polyphosphates are known to inhibit crystal growth [24] . As apatite formation is believed to promote cellular attachment [25] , the deposition of a mineral layer at the interface of the glass and its environment is a plausible explanation of the high cytocompatibility of Ti10. The reduced survival of cells cultured on Ti15, however, requires further explanation. Titanium has been shown to inhibit hydroxyapatite mineralization and may pre- vent the formation of a hydroxyapatite surface layer amenable to cellular growth [26] . The other possibility may be related to the greater retention of toxic residual solvents by the more highly cross-linked composition. This possible explanation is beyond the scope of this study and would require further investigation. Furthermore, it is worth noting that water-soluble cell proliferation assays such as WST-8 measure mitochondrial metabolic activity and only give an indication of cell density. It is possible that the lower readings after 1 and 3 d may have been due to lower metabolic activity as the cells attached to the unfamiliar particles and spread across their surface. This would explain the large difference in apparent cell densities between days 3 and 7. It is also possible that the layer of sol-gel glasses on the cell culture support somewhat inhibited the diffusion of nutrients across the membrane, compared to the control.
These results were also supported by the SEM and CLSM images, which showed cells residing on Ti5 and Ti10 but not Ti0 or Ti15. Furthermore, the scanning electron micrographs clearly showed notable mineral formation on the surface of Ti5 and Ti10. Since bone cells strongly favour rough surface topographies for adhesion and proliferation [27] , the mineral content and morphology of these compositions provide a possible explanation of their improved cytocompatibility. Although it was beyond the scope of the present research, further studies into the effects of glass composition on alkaline phosphatase activity and gene expression could elucidate the effects of ion release, topographical features and wettability on bone formation.
Finally, it should be noted that sol-gel glass microparticles have a significantly larger surface area than discs composed of melt-quench glass. A recent study of melt-quench glasses with similar compositions to those assessed here, containing 0, 5, 10 or 15 mol% TiO 2 , showed significantly higher relative growth of human osteosarcoma cells on discs containing ⩾5 mol% TiO 2 than on those lacking Ti at all time-points studied [28] . In the present research, microparticles containing 5 or 10 mol% TiO 2 supported more efficient cell proliferation after 7 d than those without Ti. Although the solgel glasses containing 5 or 10 mol% TiO 2 were shown to have a low degradation rate, their degradation was likely more rapid than the melt-quench glasses of similar compositions, due to their surface area being several orders of magnitude higher. This is the most likely explanation for why the cells on the sol-gel glass microparticles took longer to proliferate than those on the melt-quench glass discs. The biological performance of these microparticles when used in tissue engineering applications such as coatings, however, would likely be improved compared to the present in vitro results, since they would be formed into a thinner, more dense and homogenous layer than was studied.
Future work will be focused on developing these materials for technological purposes, such as coatings on various substrates for biomedical applications. Thin or thick films can be made by spray, spin and dip coating on medical implants. In addition, the low processing temperature of the sol-gel synthesis enables the incorporation of bioactive molecules that can promote bone formation, or antimicrobial drugs to be subsequently released in a localized and controlled manner.
Conclusions
In this study, quaternary phosphate-based glasses containing up to 15 mol% TiO 2 were successfully synthesized via a facile sol-gel method at relatively low processing temperature for bone tissue engineering applications. The high surface area, controllable dissolution rate and easily metabolized dissolution products of the titanium-stabilized phosphate based sol-gel derived glasses had a considerable effect on cell adhesion, growth and proliferation. The substitution of Na 2 O with 5 or 10 mol% TiO 2 reduced the dissolution rate and improved cytocompatibility. The resulting materials have potential applications in medical implant coatings.
